AB STRA CT Electrical and permeability features of the distal convoluted tubule (DCT) and the cortical collecting tubule (CCT) were examined using the technique in which isolated segments of rabbit tubules were perfused in vitro. When rabbits were given a regular diet and tubules were perfused and bathed in artificial solutions simulating plasma ultrafiltrate, the potential difference (PD) was + 3.7+1.9 mV in the CCT and -40.4±2.8 mV in the DCT. When rabbits were given a low sodium, high potassium diet plus i.m. deoxycorticosterone acetate (DOCA) (1 mg/kg per day), the PD in both the CCT (-30.8±3.9 mV) and the DCT (-33.8±5.5 mV) was negative. The PD in the CCT was quantitatively similar to that of diet plus DOCA when animals were given DOCA alone. The PD in both segments was inhibited by ouabain (10' M) in the bath or by amiloride (10' M) in the perfusate. Addition of vasopressin (200 AU/ml) to the bath caused a gradual decline of PD to zero in the CCT but failed to produce a potential response in the DCT. Osmotic water permeability was essentially zero in both segments in the absence of vasopressin. After addition of the vasopressin to the bath, osmotic water permeability in the DCT remained zero but increased to 71.9+25.5 x 10-7 cm/s per atm in the CCT. We conclude that both segments are similar in that each possesses an electrogenic transport process but that these segments differ in that: (a) the CCT requires either exogenous or endogenous mineralocorticoid to maintain a maximal negative PD, whereas the PD in the DCT appears to be independent of mineralocorticoid effect; and (b) the CCT responds to vasopressin with a marked rise in water permeability, whereas the DCT is impermeable to water before and after addition of vasopressin.
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INTRODUCTION
Previous direct information relating to the discrete functional characteristics of the distal convoluted tubule (DCT)1 has been derived from micropuncture studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . In addition, indirect information concerning the characteristics of the DCT has been obtained from clearance (20) (21) (22) (23) (24) (25) (26) and from toad bladder experiments (27) (28) (29) (30) . However, the recent observations of Woodhall and Tisher raise serious questions about the interpretation of previous micropuncture studies in relation to functional characterization of the DCT (31) . These authors found a significant anatomic heterogeneity of surface tubules available for distal puncture when the standard micropuncture definition of the distal tubule was used. The epithelium lining tubules just before the junction of one "distal" segment with another, usually referred to in micropuncture studies as the "late distal tubule," was found in all cases to consist of epithelium of the cortical collecting tubule (CCT). ' In the Wistar rat, 48.3% of available tubules were of true distal epithelial type, 45% were collecting tubules, and 6.7% were transition zones (31) . Thus, it is clear that many of the previous micropuncture results have 1Abbreviations used in this paper: ADH, antidiuretic hormone; CCT, cortical collecting tubule; DCT, distal convoluted tubule; DOCA, deoxycorticosterone acetate; PD, potential difference.
2 The anatomic criteria used by Woodhall and Tisher for defining the DCT and CCT were those established in previous morphologic studies (32) (33) (34) . The DCT is lined with cells that are more nearly columnar than cuboidal and that contain many mitochondria as well as cytoplasmic vesicles along the luminal border. The lateral and basilar surfaces contain many invaginations lined by mitochondria; these invaginations are so numerous and closely apposed on the basilar surface that it has a striated appearance. The CCT is lined by cells that are more nearly cuboidal in shape and contain fewer organelles and have less extensive lateral and basilar striations. In addition, a second cell type, the "dark cell" or intercalated cell, which has numerous cytoplasmic organelles, is found in a sparse distribution throughout the CCT.
The Journal of Clinical Investigation Volume 55 June 1975* 1284-1294 been obtained from heterogeneous populations of tubules, and in all likelihood, using standard morphologic criteria for the I)CT ;and ((T, a sigui5(Tillt fraction of the results l)rol)blbly represents the function of the CCT rather than the DCT.
Although there lhae been several studies of the collecting duct utilizing the in vitro perfusion of isolated tubules (35) (36) (37) (38) (39) (40) (41) , this technique has not previously been employed to study the DCT. Therefore the purpose of the present study woas to utilize the in vitro microperfusion technique to characterize and compare certain basic physiologic features of each segment.
METHODS
Segments of CCT and DCT were perfused in vitro by the same technique described for other segments of the nephron (42) . Female New Zealand rabbits weighing 1.5-2.5 kg were used in all experiments.
Two different types of diet were used: (a) standard laboratory diet containing approximately 140 meq/kg Na+ and 390 meq/kg K+ and (l)) a low sodium, high potassium diet containing approximately 2 meq/kg Na+ and 1,750 meq/ kg K+. In addition, animals on the low sodium, high potassium diet were given i.m. deoxycorticosterone acetate (DO-CA), 1 mg/kg per day, and these animals were sacrificed only after a minimum period of 4 days on this regimen. All animals had free access to tap water before guillotine decapitation.
After 10 days on either the regular or the low sodium, high potassium diet, plasma aldosterone determinations were done on several animals from each dietary group (43) .
The kidney was quickly removed and cut into 1-2-mm slices. A segment of either CCT or DCT was dissected out in a chilled dish of Ringer's-bicarbonate solution to which fetal calf serum, 5%o by volume, had been added. The solution was kept at pH 7.4 by continuous bubbling with 95%7 02-5% CO2. CCT, 0.5-2.0 mm in length, were dissected free and transferred to a Lucite perfusion chamber.
The DCT was identified by dissecting free individual glomeruli and identifying that convoluted tubule which is clearly distinct from the proximal convoluted tubule (both the appearance and diameter of the DCT is markedly different from that of the proximal convoluted tubule under a dissecting microscope at X 40), and by identifying its attachment to the glomerulus (i.e., macula dense) ( Fig. 1A and C). A small segment (0.3-0.8 mm) was isolated and transferred (usually with the glomerulus still attached) to the bath chamber. All studies were conducted at 37°C. Tubules were perfused with an artificial solution of the following composition: NaCl 105 m.M, KCl 5 mM, NaHCO3 25 mnM, NaHPO, 4 m'M, Na acetate 10 mM, MgSO, 1 mM, CaC12 1.8 mM, glucose 8.3 mM, alanine 5 mM, total osmolality 298 mosmol/kg H2O. The bath solution was identical except for the addition of 5% fetal calf serum to maintain tubular viability.
The transtubular electrical potential difference (PD) was measured by techniques previously reported (44 (42) . In these experiments the perfusion rate was kept sufficiently high in relation to tubular length to prevent osmotic equilibration of tubular fluid with that of the bath. Under these circumstances L, can be expressed as:
where J,. (cm3/cm2 per s) is the net water flow, oa is the reflection coefficient of the ith solute (used to generate the osmotic gradient), and Ar is the logarithmic mean osmotic gradient between bath and collected fluid. It was assumed that a, for raffinose is unity, since it does not permeate most biologic membranes. It has been previously shown that a, for NaCl in the rabbit CCT is unity (39) . Therefore, Eq. 1 can be reduced to: L JO= A'r (2) where Air is given by: The PD in the CCT was both quantitatively and qualitatively similar, in animals given DOCA alone, to that measured in animals receiving a low sodium, high potassium diet plus DOCA.
variability in the diameter of the tubular lunmen in the DCT. In addition, the course of the DCT is convoluted, whereas the CCT is without convolutions. Effect of diet on the transtubular PD. When tubules were perfused at 370C there was a marked difference between the DCT and CCT in the response of the transtubular PD to previous dietary maneuvers. As shown in Fig. 2 given a standard diet, the PD was + 3.7± 1.9 mV (n = 8) in the CCT. After the low Na, high K diet plus DOCA, the PD averaged -30.8±3.9 mV (n = 9), P < 0.001. This dependency of the CCT on diet is similar to that previously mentioned by Frindt and Burg (40) . As shown in Fig. 3 , when animals were given a regular diet and also treated with i.m. DOCA (2 mg/kg per day), the PD in the CCT was similar to that of animals given a low Na+, high K+ diet plus DOCA (Figs. 2 and 4) as well as that of animals given a low Na+, high K+ diet alone (40) . The mean plasma aldosterone value for the animals on the regular diet was 4.6±+1.3 ng/ml (n = 6). Animals given the low sodium, high potassium diet had a mean plasma aldosterone value of 239±54 ng/ml (it = 8).
It therefore appears that the PD response of the CCT to the low Na', high K+ diet is a mineralocorticoid effect, endogenous mineralocorticoid having been stimulated both by the low sodium intake and by the potassium load, inasmuch as this PD could be elicited with DOCA alone. In contrast, the DCT did not exhibit any dependency of the PD on either diet or exogenous DOCA.
Timie course of the PD. There was also a different pattern in the time course of the transtubular PD in the two segments after initiation of perfusion. As shown in the upper panel of Fig. 4 , the PD in the CCT showed a gradual rise in the low Na', high K+ group of animals after initiation of perfusion, with stabilization TIME COURSE OF COLLECTING TUBULE PD Effect of perfusion pressure on transtubular PD. When the perfusion column was raised or lowered to vary perfusion pressure and thus transtubular hydrostatic pressure, the DCT showed a marked sensitivity to changes in perfusion pressure (Fig. 5) , with the magnitude of the PD showing an inverse relationship to perfusion pressure. A similar response was noted in the CCT, as has been described previously (36) . Since perfusion flow rate varies in direct proportion to perfusion pressure, this response of the PD could re- flect either the influence of changes in flow rate per se or changes in hydrostatic pressure. However, for any given perfusion rate, when flow was stopped by occluding the tubular lumen at the site of attachment to the collecting pipette, the PD fell immediately in both the DCT and CCT. Since PD increased as both flow rate and perfusion pressure decreased, the fall in PD from a maximal value at low flow rates when flow was stopped by tubular occlusion indicates that the PD response is dictated primarily by changes in transtubular hydrostatic pressure. The possibility of a separate but quantitatively much smaller influence of flow rate that is masked by the large response to hydrostatic pressure cannot, of course, be excluded by these data.
It is not clear how the effect of hydrostatic pressure on the transtubular PD is mediated. However, changes in transtubular hydrostatic pressure in vivo may have an influence on the excretion of electrolytes which is mediated by similar changes in the transtubular PD.
Effect of inhibitors on the transtubular PD. Fig. 6 shows the response of the PD in the DCT to the addition of 2 X 10-' M ouabain to the bath solution. There was a prompt fall in the transtubular PD toward zero, with recovery of the PD after the bath solution was changed. A similar response to ouabain was observed in the CCT, as previously described (36) . This response supports the concept that the negative PD in both segments is an active transport PD, since no passive source of PD exists in these experiments, where the fluids on the two sides of the membrane are identical. The previous study by Grantham, Burg, and Orloff (38) of the isolated perfused CCT also provided strong evidence for active electrogenic sodium transport in this segment. Addition of 10' M amiloride to the perfusion solution resulted in a prompt drop in the P'D to zero both in the CCT and in the DCT (Fig.  7) ; this response wvas also reversible wvhen the perfusate was changed back to the original solution. This finding would also support the concept that the transtubular PD in both segments is primarily due to outward transport of sodium from the lumen. Evidence from toad bladder experiments indicates that amiloride decreases the flux of sodium across the nmucosal menmbrane, apparently by decreasing the mucosal permeabilitv to this ion (45, 46) .
Responise of the PD to zasopressin. As depicted in the upper and lower panels of Fig. 8 , there was a marked difference between the DCT and CCT in the electrical response to vasopressin. When 20 itU/ml vasopressin wvas added to the bath solution, the CCT showed a transient initial increase in the magnitude of the PD, followed by a gradual decline toward zero, with gradual recovery after washing the agent from the bath solution. In contrast, addition of vasopressin had no influence on the PD in the DCT.
Osmnotic water flow in response to z~asopressini. The hydraulic conductivity was used as an index of water permeability and was measured in both segments, before and after vasopressin, in response to an induced osmotic gradient. As depicted in Table I , net water flow was so low and variable in both segments in the absence of vasopressin that it could not be distinguished from zero. After addition of 200 ,uU/ml vasopressin to the bath, water flow (Jt) increased in the CCT, and the mean calculated value for Lp increased to 71.9+ 25.5 X 10-cm /s per atm (i = 6). In the DCT there was no increase in the net water flux in response to vasopressin and Lp remained essentially zero. These data, along with the difference in electrical response to ADH, provide direct physiologic support for lack of response of the DCT to ADH in contrast with the clear-cut response of the CCT to the hormone. AMoreover, in the present studies, the cells of the CCT showved definite swelling within 30 min after addition of vasopressin, as previously reported in in vitro perfusion studies (35, 41) . There was no change in the cellular appearance of the DCT after addition of ADH. Previous micropuncture studies of the distal tubule have indicated that this segment maintains a negative PD, although the magnitude of the potential varies with different physiologic circumstances (6, 8, 9, 11, 12, 18) . Previous studies have suggested that cationic diffusion across the luminal membrane into the cell plays a major role in the genesis of the negative transtubular PD in the distal tubule (8) . Replacement of sodium by choline in the luminal perfusing solution results in a reduction and even a reversal of the polarity of the transtubular potential (8) . MAore re- cently similar findings for the rabbit collecting duct have been reported by Grantham et al. (38) , supporting the importance of diffusion of sodium from the lumen to cell in the genesis of the transtubular PD. Partial removal of sodium from the perfusate, thus limiting the amount available for diffusion across the luminal membrane and into the cell, resulted in a fall in the transtubular potential (38) . Although diffusion of sodium across the luminal membrane is down an electrochemical gradient, extrusion of this ion from the cell to the peritubular fluid occurs against an electrochemical gradient. Thus the net overall transtubular movement of sodium appears to involve an active component. Evidence supporting the latter was also given by these authors in that (a) there was a marked inhibition of the PD by ouabain and (b) the steady-state mean value of Exa (footnote 3) differed markedly from the measured PD. The bulk of the available evidence would therefore support the view that the transtubular potential in both the CCT and DCT is the result of the passive efflux of sodium from the lumen into the cell. The low intracellular sodium concentration in turn is maintained by an active sodium efflux pump at the antiluminal border of the cell.
Although previous micropuncture studies have indicated the overall pattern of transport processes and of the transtubular potential in the distal segments of the nephron, the discrete characteristics of the DCT and the CCT have not been clearly separated by the 'The equilibrium potential for sodium, given by ENa = (RT/ZF)ln([Na]./[Nabj). [Na] . and [Nab, are the bath and collected fluid concentrations of sodium, respectively. previous micropuncture studies (31) . The finding by Woodhall and Tisher (31) of a marked heterogeneity in the cellular composition of the subcapsular tubules available for distal micropuncture makes the interpretation of previous studies problematic. The inclusion of collecting-duct epithelium within tubules chosen for "late distal" micropuncture may have resulted in the attribution to the distal tubule of certain functional characteristics that are actually those of the CCT. Moreover, the marked species variation within the rat in the percentages of histologic types of tubules available for distal micropuncture further compounds the problem (31) . Previous clearance studies were not capable of making clear-cut distinctions between various segments of the distal nephron, and the exact analogy of the anuran toad bladder to the mammalian nephron has not been established.
The present studies provide the first direct effort to examine the discrete physiologic aspects of the DCT and CCT, utilizing the in vitro microperfusion technique. To avoid anatomic heterogeneity in the segments studied, the following anatomic criteria were utilized. The CCT was always dissected free from its attachment, along its longitudinal course, to either the pars recta or the cortical thick ascending limb of Henle's loop. When perfused, it had the characteristic histologic appearance described by Grantham, Ganote, Burg, and Orloff (45) and by Schafer and Andreoli (41) . The DCT was isolated by first identifying single glomeruli and subsequently dissecting free that convoluted segment which clearly differed in appearance from surrounding proximal convoluted tubules. The shortest possible segment attached to a glomerulus was isolated to avoid inclusion of any transition zone or segment of CCT. The characteristic appearances of both portions of the nephron during perfusion are depicted in Fig. 1 .
The present studies support the view that the PD in both segments is an active cation transport potential, most likely representing active sodium transport. The presence of a negative potential suggests active cation transport, in the absence of a transtubular ionic gradient for diffusion. Inhibition of the PD by ouabain is in agreement with the previous findings of Grantham et al. (38) in the CCT and provides additional evidence for an active transport process in both segments. The addition of amiloride also completely inhibited the transtubular potential in both segments. This agent has been found to inhibit the distal transtubular PD in micropuncture studies, and evidence from toad bladder experiments indicated that it decreases the mucosal-toserosal sodium flux by decreasing the mucosal permeability to this ion (45, 46) . Recently Stoner, Burg, and Orloff have reported that in the isolated, perfused rabbit collecting tubule, amiloride decreases membrane permeability, as indicated by the increase in transtubular electrical resistance, decreases the net sodium and potassium fluxes, and completely inhibits the negative transtubular PD (47) . Therefore, the fall of the potential to zero in both the CCT and DCT in these experiments strongly supports the view that the diffusion of sodium from lumen into the cell is primarily responsible for the transtubular PD. In this context, ouabain may reduce the transtubular potential by inhibiting active sodium extrusion from the tubular cell, resulting in depolarization of the cell and a rise in intracellular sodium concentration, both of which would reduce the electrochemical gradient for diffusion of this ion out of the lumen.
The influence of dietary manipulations on the PD in the CCT appears to be a function of mineralocorticoid effect. When animals are given a standard diet (sodium content 140 meq/kg; potassium content 390 meq/kg), the PD is essentially zero or slightly positive (Fig. 2) . Under these circumstances the sodium intake of the animals is quite high (average daily sodium intake approximately 25-30 meq for a 2-kg rabbit; average potassium intake 60-75 meq/day); this would be expected to suppress endogenous mineralocorticoid secretion. Indeed, the mean plasma aldosterone value for this group of animals was 4.6±1.3 ng/ml. On the low sodium, high potassium diet (sodium content 2 meq/kg, potassium content 1,750 meq/kg) maximal stimulation of endogenous mineralocorticoid secretion would be expected (average daily sodium intake 0.4 meq; average l)otassium intake 350 meq/day), and the mean plasma aldosterone value for these animals was 239±+54 ng/ml. Thus, variations in endogenous mineralocorticoid secretion seem the likely explanation for the differences in transtubular potential observed with diets of different sodium and potassium content described by Frindt and Burg (40) . The similarity of response of the PD to exogenous DOCA with that of diet alone or diet and DOCA, as in the present studies, would further support this interpretation. In micropuncture studies both the steady-state transtubular sodium concentration gradient and the net outward flux of sodium in the collecting duct of the rat were markedly augmented by aldosterone (48, 49) .
The apparent independence of the potential in the DCT with respect to diet or exogenous mineralocorticoid is open to several interpretations. Since tubules are perfused in vitro in artificial solutions shortly after nephrectomy, the maintenance of a negative potential in the DCT in animals on a regular diet alone, in contrast to the CCT, could represent a difference in aldosterone binding affinity to tubular epithelium in the two segments or a difference in the half-life of an aldosterone-stimulated transport protein. It is also conceivable, though unlikely, that aldosterone exerts an electrogenic effect in the CCT, as has been shown in toad bladder (28, 29) , but has a nonelectrogenic effect in the DCT. Finally, sodium transport may be independent of aldosterone in the latter segment, the collecting duct being the portion of the distal nephron responding to this hormone. In micropuncture studies, the distal tubular sodium concentration during both free-flow and stop-flow conditions has been found to be higher, and net sodium flux has been found to be lower in adrenalectomized rats as compared with controls (9, 10). The distal transtubular PD was the same in both groups. however. These results are difficult to interpret because of the previously mentioned heterogeneity of the so called "distal tubule" in micropuncture experiments.
The mechanism of potassium secretion by the distal nephron and the identification of factors that modulate this process have been the subject of numerous investigations (8, 9, 17, 19, 50 (17) . The magnitude of the transtubular potential can fully account for potassium secretion by a purely diffusional process along the entire distal tubule.
The present studies are the first to examine variations in the transtubular PD in the CCT in concert with changes in dietary sodium and potassium intake and thus to examine the possibility of a modulating influFunction of Cortical Collecting and Distal Convoluted Tubulesence of variations in the PD on ion excretion. In this regard, the ability of this segment of the nephron to vary the potential over a wide range with respect to spontaneous changes in dietary sodium and potassium intake may be a major factor in determining overall potassium balance. Indeed, a recent micropuncture study of potassium excretion by the remnant kidney indicated that changes in potassium excretion attending variations in potassium intake were mediated exclusively by the collecting duct (19) . Although Grantham, Burg, and Orloff in contrast to most other investigators, found some evidence for a possible active component of potassium excretion in the collecting tubule, in that the calculated EK was higher than the measured transtubular potential during equilibrium conditions (38) , these data should not be interpreted to indicate that the PD is not a major determinant of transcellular potassium movement.
The value obtained in these studies for the Lp in the CCT after ADH ( Woodhall and Tisher (31) suggested that the apparent response of the distal tubule to vasopressin as reported in micropuncture studies was probably due to the inclusion of collecting-duct epithelium within the puncture segment. They found cellular swelling and dilatation of the lateral and basal interspaces, evidence of transtubular water flow in response to ADH, only in those tubules containing cells of collecting-duct morphology; tubules that were strictly of distal tubular epithelial type showed no changes (31) . The present study provides the first direct physiologic demonstration of a clear-cut difference in ADH responsiveness in these two segments and would further support the concept of anatomic heterogeneity of the distal tubule. We would agree with the suggestion of Woodhall and Tisher that the reported rise in TF/P inulin along the course of the distal tubule in micropuncture studies (1) reflects the inclusion of initial collecting duct in the later portions of the distal tubule. As a hvpotonic fluid from the more proximal, water-impermeable true distal tubule enters this water-permeable segment, osmotic equilibration with the surrounding interstitium occurs, and TF/P inulin rises.
There are different enmbryological origins of the mammnnalian DCT and the CCT, and it is not surprising that distinct functional differences were found between these two segments in the present studies. The CCT is formed as a result of the outgrowth and repeated bifurcation of the ureteric bud, which itself is derived from the mesonephric duct (34) . In contrast, the DCT and all segments proximal to it, as well as the glomerulus, are derived from the growth and differentiation of the metanephric blastenma (34) . Thus, the distinct physiological differences between these two nephron segments in the present studies are corroborated not only by anatomic differences but also by their disparate embryological origins.
It should be emphasized that caution should be utilized in extrapolating the results obtained in this study of the rabbit to other mammalian species. The heterogeneity of transition from distal tubule to collecting duct among different species of the rats has already been mentioned (31) . In addition, some evidence now exists that the positive transtubular PD in the cortical thick ascending limb of Henle's loop may extend in some strains of the rat beyond the macula densa (51) . It is clear from the present study that this is not the case in the rabbit DCT, since a positive potential was never observed even though the macula densa was included in the perfused segment. Nevertheless, the results of the present study clearly indicate that there are multiple discrete differences in the physiologic profiles of the CCT and DCT.
